Mycoplasma gallisepticum is one infectious agent initiating the chronic respiratory disease complex in chickens and is the primary agent of infectious sinusitis in turkeys (74) . This bacterium has developed a wide array of surface molecules that are involved in cytadherence to host cells (9, 17, 22, 51) . GapA is considered the primary cytadhesin. Goh et al. (21) identified its gene in M. gallisepticum based on its nucleotide sequence homology to the Mycoplasma pneumoniae cytadhesin ADP1 gene. Subsequent studies showed that anti-GapA Fab fragments were able to significantly inhibit M. gallisepticum cytadherence (22) . Troy (69) reported that GapA was absent in avirulent M. gallisepticum. These data led us to hypothesize that complementation of GapA expression in strain R high via Tn4001 might restore cytadherence and perhaps virulence. Neither cytadherence nor virulence was restored upon the gapA-complemented strain R high , transformant GT5 (56, 57) . This indicated that other factors might play an important role in M. gallisepticum cytadherence. Protein profile comparison between virulent and avirulent strains showed that, in addition to GapA, two other proteins are absent in R high (69) . One of these proteins was found to be encoded by the second gene of the gapA operon. Its gene product shows significant sequence homology with the precursor of M. pneumoniae ORF6 gene products, which are known to play accessory roles in P1 (ADP1)-mediated cytadherence (35, 36, 40, 66) . (MGPC is the new GenBank designation for the M. pneumoniae ORF6 and M. genitalium ORF6 homolog. M. pneumoniae MGPC gene encodes a 130-kDa protein which is posttranslationally cleaved into two products of 40 and 90 kDa by a special proteolytic event [accessory proteins B and C]. M. gallisepticum CrmA does not undergo such posttranslational modification. We will adhere to the new nomenclature in this paper.) This M. gallisepticum protein was designated as cytadherence-related molecule A, or CrmA.
The aim of this study was to evaluate the role of CrmA in M. gallisepticum cytadherence and virulence. We demonstrate that coexpression of gapA and crmA is essential for effective M. gallisepticum cytadherence and virulence.
MATERIALS AND METHODS
Strains and media. M. gallisepticum strains R low and R high (15 and 164 passages, respectively) were provided by Sharon Levisohn (formerly of the Department of Food Animal and Equine Medicine, North Carolina State University, Raleigh, N.C.). Generation of the GT5 transformant has been described previously (57) . All strains were cultured at 37°C in Hayflick's medium (10% serum and 5% yeast extract) or on Hayflick's plates with 1% Agar Noble (Difco). Gentamicin was added to the liquid medium (final concentration, 300 g/ml) for propagating the GT5, SDCA, and GCA1 transformants.
DNA extractions. Mycoplasma total genomic DNA was extracted according to the method of Hempstead (25) . Plasmid DNA was extracted by using QIAprep Spin Miniprep (Qiagen, Valencia, Calif.) or minipreparations according to the protocol described by Engelbrecht at al. (16) .
Immunoblot analysis. Proteins from 2 ϫ 10 7 CFU of M. gallisepticum R low , R high , and transformants were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (38) and then transferred onto a nitrocellulose membrane (Osmonics, Westborough, Mass.) according to the method of Towbin et al. (68) . After blocking with 5% bovine serum albumin in phosphate-buffered saline (PBS) for 1 h at room temperature, the membranes were reacted with rabbit anti-GapA or anti-CrmA serum at dilutions of 1:8,000 and 1:50,000, respectively, for 2 h at 4°C with gentle rocking and then washed three times with 0.5% PBS-Tween. Membranes were then incubated with peroxidase-conjugated goat anti-rabbit immunoglobulin G (Sigma, St. Louis, Mo.) at a final concentration of 1:15,000 for 1 h at 4°C with gentle rocking, followed by three consecutive washings with PBS-Tween. Reactions were visualized by the addition of 4-chloro-1-naphthol and hydrogen peroxide.
PCR. PCRs were performed in a total volume of 50 l containing 50 ng of template. Primers (Table 1) were synthesized at the University of Connecticut Biotechnology Center. The gapA operon and crmA were amplified with primer pairs SG322-SG721 and SG768-SG721, respectively. The gapA operon was amplified with the same forward primer (SG322), which was used previously to amplify gapA alone to obtain GT5 (57) . BamHI sites were incorporated at the 5Ј ends of each primer to facilitate cloning into the BamHI site of Tn4001mod in the vector pISM2062 (33) (Fig. 1) . The gapA operon and crmA were amplified by using the High-Fidelity Expand PCR kit (Roche Biochemicals, Indianapolis, Ind.) according to the manufacturer's instructions. The AmpliTaq kit (Applied Biosystems, Perkin Elmer, Norwalk, Conn.) was used for other PCRs as previously described (57) . Briefly, the amplifications were performed under the following conditions: 30 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min and 72°C for 2 min, followed by 1 cycle at 72°C for 10 min. A total of 2.5 U of AmpliTaq was used in each reaction.
Cloning and transformation. PCR products (gapA operon and crmA) were initially cloned into the pCR 2.1 TOPO vector according to the manufacturer's instructions and maintained in Top 10 Escherichia coli cells (Invitrogen, Carlsbad, Calif.). Extracted plasmids were digested with BamHI (Roche Biochemicals), and the inserts were separated by electrophoresis in a 1% agarose gel. The bands were eluted from the agarose gel and purified with DNA Clean Concentrator 5 (Zymo Research, Orange, Calif.). Fragments were cloned into the BamHI site of the transposon Tn4001mod in the plasmid pISM2062 (33) by using a ligation kit (Epicentre Technologies, Madison, Wis.). The constructs containing the gapA operon and crmA were designated GCA1 and SDCA, respectively (Fig. 1 ). R high (from the same clonal isolate stock used to generate GT5 [57] ) was transformed following the electroporation method of Minion and Kapke (52) . Following transformation, single colonies were picked and propagated in Hayflick's medium containing gentamicin. Clones were initially screened by PCR for the gentamicin resistance gene. Positive clones were analyzed by immunoblotting with anti-GapA and anti-CrmA sera ( Fig. 2A) Cytadherence assays. MRC-5 cell culture cytadherence analysis was performed as described previously (17) (18) (19) 57 ) with tritium-labeled M. gallisepticum R low , R high , GT5, SDCA, and GCA1. These assays were performed twice using four replicates per strain or transformant.
Animals. Four-week-old, specific-pathogen-free White Leghorn chickens (SPAFAS, North Franklin, Conn.) were used for challenge experiments. Upon arrival, the birds were tagged, placed in HEPA filtered isolators (Controlled Isolator Systems, Pittsburgh, Pa.), and allowed to acclimate for 1 week in accordance with the approved Institutional Animal Care and Use Committee protocol. Nonmedicated feed (Blue Seal, Waltham, Mass.) and water were provided ad libitum.
Preparation challenge strains. Stocks were prepared as follows: 10-ml aliquots of mid-log-phase cultures were centrifuged at 10,000 ϫ g and 4°C for 15 min and then resuspended in 100 l of fresh medium and stored at Ϫ70°C. Four randomly chosen aliquots from each batch were thawed, and serial 10-fold dilution plate counts were performed to determine total CFU. On the day of administration, 100-l aliquots were thawed, 900 l of fresh medium was added to each tube, and the cultures were incubated for 5 h at 37°C. The titers of the organisms were established prior to administration to determine the dose administered to ensure consistency among all challenge experiments.
Challenge. Chickens were divided into five groups of six birds each. Birds were challenged on days 0 and 2 by intratracheal instillation of 100 l of M. gallisepticum with a micropipette and disposable 200-l pipette tips (Fisher Scientific, Fairlawn, N.J.). Birds in groups 1, 2, and 4 received 3 ϫ 10 8 CFU of GT5, SDCA c4 , or GCA1 c5 , respectively. Group 3 and 5 birds received 10 7 CFU of GCA1 c4 or R low , respectively. Two weeks postchallenge (day 16), chickens were sacrificed, tracheal swabs were performed, and trachea and air sacs were prepared for histological examination. A previous study (56) demonstrated that 10 7 CFU of R low delivered intratracheally caused significant gross, as well as histopathological, lesions in the lower respiratory tracts of birds, whereas 3 ϫ 10 8 CFU of GT5 was avirulent. Therefore, groups of birds challenged with 3 ϫ 10 8 CFU of GT5 and 10 7 CFU of R low were used as negative and positive controls, respectively.
Gross and histopathological examination. Necropsy was performed as previously described (56) . In addition to the collection of samples from tracheas, tissue samples from the cranial and caudal thoracic and abdominal air sacs were collected. Tissue samples were routinely processed, embedded in paraffin blocks, sectioned at 4 m, stained with hematoxylin and eosin, and evaluated by light microscopy.
All gross necropsy examinations and evaluations of histological sections of trachea and air sacs were performed in a blind fashion. Evaluation of histopathological changes was based on the criteria of Nunoya et al. (54) and modified for the assessment of air sac lesions. Briefly, we implemented the following scoring system similar to that used to evaluate tracheal lesions (54, 56) as follows: 0, no significant findings; 0.5, minimal multifocal lymphocytic infiltrates with one to three discrete, small, widely separated foci; 1, mild multifocal lymphocytic or lymphofollicular infiltrates amounting to four or more discrete foci without stromal edema or heterophils; 2, moderate, multifocal lymphocytic or lymphofollicular infiltrates and loose interstitial infiltrates of lymphocytes, histiocytes, and heterophils with edema, intraepithelial heterophils, and occasional luminal exudates; 3, severe multifocal lymphofollicular aggregates to diffuse infiltrates of lymphocytes, histiocytes, and heterophils with edema, epithelial attenuation and hyperplasia, and luminal exudates.
Reisolation and quantitation of mycoplasmas. The mucosa of 5-to 7-cm-long segments of trachea was abraded with a cotton swab. Each swab was inoculated into 3 ml of Hayflick's medium in 15-ml sterile culture tubes and then gently vortexed to release attached mycoplasmas into the medium. The samples were filtered through 0.45-m-pore size filters (Millipore, Bedford, Mass.) and then serially diluted (10-fold). Twenty microliters of each sample dilution was plated onto Hayflick's agar for CFU determination. All cultures were incubated at 37°C for 4 weeks and observed for color change (acid shift) or colony growth on plates.
Statistical analysis. SAS software version 8.01 (SAS Institute, Cary, N.C.) was used for statistical analysis. Attachment levels (percentages) and lesion scores were initially subjected to the arcsinus of the percentage square root and rank transformation, respectively, because they violated the normal distribution assumption required for parametric statistical analysis (75) . Analysis of variance was used to determine the significant differences between groups. When differences were found, a mean separation analysis using Duncan's multiple range test was performed. Cytadherence levels of SDCA and GCA1 were compared to those of R high . Lesion scores of the groups challenged with SDCA c4 and GCA1 c5 were compared to those of groups challenged with GT5. Fisher's exact test was used to compare differences regarding the number of isolates between groups.
Sequence analysis. TMHMM (37, 53) , PSIPRED (30), SAPS (10), and SSpro (3) were used to predict protein secondary structure. Sequence homology searches were performed on the BLOCKS, PROSITE, and Pfam databases (4, 11, 26; http://motif.genome.ad.jp/). FastA (58) and Patternmatch (http://workbench.sdsc.edu, University of San Diego Supercomputer Center, San Diego, Calif.) searches were performed with sequences from well-characterized binding domains. Heparin sulfate-and lectin-binding domains were obtained from published reports (27, 48, 49, 64, 65, 67, 70) . Amino acid sequence homologies were considered significant if they possessed a Ն30% identity or similarity and the indicated functional motifs. Structural homology searches were performed using three-dimensional predicted protein secondary structure matrices (3D-PSSM) (5), GenTHREADER (29) , and 123Dϩ (1). Vector NTI (Informax, Bethesda, Md.) was used for visualization of the domains in the protein sequence.
RESULTS
Complementation of R high with wild-type crmA and the gapA operon. Immunoblot analysis indicated that all of the SDCA transformants expressed CrmA ( Fig. 2A) and that GCA1 Fig. 2A) . Southern blot hybridization confirmed the presence of the wild-type genes. As shown in Fig. 2B , all of the SDCA and GCA1 transformants possessed two copies of the genes. The common band represents the genomic crmA, and the second band represents the inserted wild-type gene. Cytadherence assessment of SDCA and GCA1 transformants. As shown in Fig. 3 , SDCA c4 adhered to the MRC-5 cell at the same level as both R high and GT5 (P Ͼ 0.05). In contrast, cytadherence of GCA1 c5 was significantly high relative to that of R high (P Ͻ 0.0001) and comparable to wild-type R low levels (P Ͼ 0.05).
SDCA and GCA1 challenge experiments. Histopathological evaluations of the respiratory tract lesions are shown in Fig. 4 . Birds challenged with 3 ϫ 10 8 CFU of GT5 had histopathological changes in air sacs that ranged from no significant lesions (score ϭ 0) to mild multifocal lymphocytic infiltrates (score ϭ 1), with most having minimal multifocal stromal expansion by a few, small, widely scattered lymphocytic or lymphofollicular infiltrates (score ϭ 0.5). The same was found in birds challenged with 3 ϫ 10 8 CFU of SDCA c4 . Birds challenged with either 10 7 CFU or 3 ϫ 10 8 CFU of GCA1 c5 had mild to moderate airsacculitis. Histopathologic lesions in birds challenged with GCA1 ranged from mild multifocal lymphocytic infiltrates (score ϭ 1) to moderate multifocal lymphocytic or lymphofollicular infiltrates and loose interstitial infiltrates of lymphocytes, histiocytes, and heterophils with edema (score ϭ 2). Occasional luminal exudates composed of necrotic and degranulated heterophils and macrophages, along with protein and necrotic epithelial cell debris, were present. In comparison to birds from the GT5 and SDCA challenge groups, GCA1 challenges had increased numbers of lymphofollicular aggregates; interstitial infiltrates of lymphocytes, histiocytes, and heterophils accompanied by edematous separation of stromal collagen and intraepithelial heterophils; and luminal exudates of necrotic cellular debris. Birds challenged with 10 7 CFU of strain R low had the most severe airsacculitis, characterized by marked-to-severe stromal expansion by numerous, densely cellular, follicular lymphocytic aggregates accompanied by multifocal-to-diffuse interstitial infiltrates of lymphocytes, histiocytes, and heterophils. R low -challenged birds also had segmental lesions to the epithelium ranging from loss and attenuation to stacking of epithelial cells along short stretches. The most cellular and extensive luminal exudates of necrotic and viable heterophils and macrophages were present in R low -challenged birds.
Tracheal lesions in all groups except those challenged with R low were absent (score ϭ 0) or consisted of a few, widely separated, minimal, lymphocytic foci (score ϭ 0.5). Birds challenged with R low had tracheitis characterized by marked to severe mucosal thickening, diffuse lymphocytic infiltrates with heterophilic stromal and intraepithelial infiltrates, and luminal exudates of necrotic cellular debris.
No significant difference was found between birds challenged with SDCA c4 and those challenged with GT5 (P Ͼ 0.05). Birds challenged with GCA1 c5 (regardless of the dose) developed airsacculitis (P Ͻ 0.05). Three isolates were obtained from birds challenged with GCA1 c5 but none from SDCA c4 -or GT5-challenged birds. The presence of the transposon carrying the gapA operon was confirmed by PCR in all of the GCA1 isolates (data not shown). None of the groups challenged with GT5, SDCA c4 , or GCA1 c5 exhibited significant tracheal lesions (P Ͼ 0.05). Sequence analysis. Potential carbohydrate moiety-and heparin sulfate-binding-like domains (confined to regions of 150 to 300 amino acids) were found in the predicted extracellular portion of these cytadhesins (Fig. 5) . The predicted secondary structure of these putative domains indicates that they are mostly coils with some partial beta sheets and that their residues are exposed, which emphasizes their potential role in binding (15, 31, 47, 49, 71, 73) . Structural homology searches revealed that the GapA and CrmA regions containing predicted binding domains appear similar to the already resolved three-dimensional structures of lectins and other binding proteins in the databases (data not shown). Both the GapA-and CrmA-predicted cytoplasmic tails share significant sequence homology with HMG14/MMG17, MARCKS, histone 2B (H2B), H1, AlgR, DNA polymerase, and CAP protein family motifs (7, 8, 12, 14, 32, 50) . Members of these families are well characterized and known to be involved in DNA binding and/or signal transduction.
DISCUSSION
Levisohn et al. (46) reported that M. gallisepticum strain R lost virulence after 165 successive passages in vitro. Molecular analysis (69) revealed that three proteins that are present in M. gallisepticum R low are absent in R high . One of these, GapA, is the ADP1 homologue of M. pneumoniae and Mycoplasma genitalium. Functional characterization of ADP1 proteins in vitro has shown that they mediate cytadherence for these mucosal pathogens (34, 36, 59, 63) . Goh at al. (22) demonstrated that GapA not only shares significant sequence homology with these two ADP1 proteins but that incubation of M. gallisepticum with anti-GapA Fab fragments reduced cytadherence by 64%. The fact that GapA was absent in the avirulent R high strain indicated that it might have also affected M. gallisepticum pathogenicity. To test this hypothesis, we reconstituted R high with wild-type gapA and then determined if cytadherence and virulence were restored. Neither cytadherence nor virulence was enhanced upon restoration of GapA expression in R high (57) . The fact that GapA alone did not restore M. gallisepticum cytadherence suggested that at least one of the other two proteins absent in R high might play a role in this process. Sequence analysis of the gapA operon revealed that crmA is the second open reading frame following gapA (formerly called ORF3 by Goh et al. [22] ). CrmA shares significant sequence homology with the MGPC gene product(s) of M. pneumoniae and M. genitalium. CrmA and the two MGPCs also share sequence homology with the GapA and ADP1 proteins of M. pneumoniae, M. genitalium, and Mycoplasma pirum (57) . Together, these proteins constitute a unique mycoplasma adhesin family, the ADP1 family (57, 63) . The physical organization of those operons encoding the major cytadhesins and their cytadherence-related molecules in M. pneumoniae, M. genitalium, and M. gallisepticum is conserved.
Layh-Schmitt et al. (6, (39) (40) (41) (42) (43) (44) (45) 66) showed that MGPC gene products (accessory proteins B and C) are essential for M. pneumoniae cytadherence. MGPC gene products are found in close proximity to ADP1 as well as to other cytadherencerelated molecules, such as HMW1, HMW3, p65, and p30 in M. pneumoniae (42, 45, 66) . The M. pneumoniae mutant M5 expresses ADP1 but not the MGPC gene products, and it was shown to be hemadsorption negative and deficient in formation of the tip structure (23, 24, 36, 40) . MGPC gene products have not been found in the noncytadsorbing and avirulent M. pneumoniae B176 strain (62, 72) , implying that they play a role in virulence as well.
Our data demonstrate that neither GapA nor CrmA alone is sufficient to mediate M. gallisepticum cytadherence and that their coexpression is necessary for efficient cytadherence and virulence. This is consistent with the interactive role of ADP1 and MGPC of M. pneumoniae.
The finding that GCA1 c5 caused significant lesions in the air sacs of chickens and that organisms were recovered from challenged birds suggests that GapA-CrmA-mediated cytadherence enabled M. gallisepticum to attach and multiply in the lower respiratory tract of the birds. Surprisingly, GCA1 c5 challenge did not result in tracheal lesions, suggesting that GapA and CrmA might effect M. gallisepticum tissue tropism in the host respiratory tract. Taken together, these findings indicate that other factors might be responsible for M. gallisepticum virulence.
Mycoplasma cytadhesins have been shown to bind to sialoand asialo-glucoconjugates as well as sulfated glycolipids (19, 60, 63) . The present belief is that ADP1 molecules are primarily responsible for mycoplasma cytadherence and that MGPC gene product(s) play an accessory role in this process. Dallo et al. (13) , Jacobs et al. (28) , Gerstenecker and Jacobs (20) , and Opitz and Jacobs (55) identified binding domains of M. genitalium and M. pneumoniae ADP1 by immuno-inhibition employing monoclonal antibodies. Binding domains of other mycoplasma ADP1 family adhesins have not been determined, and their three-dimensional structures have not been resolved. Predicted secondary structure of the seven ADP1 family members indicates that they share two transmembrane domains adjacent to their N and C termini and an extracellular portion between the transmembrane domains and a cytoplasmic tail of 68 to 104 amino acids. The extracellular portion of the ADP1 family members represents approximately 90 to 95% of that for each of the proteins, implying that this portion might contain functional cytadherence domains. In addition to GapA and CrmA, a similar modular organization of binding domains has been observed in ADP1 of M. pneumoniae and M. genitalium (13, 20, 28, 55) . Lectins have been shown to form different multimeric structures, which accounts for their ligand binding specificity (15, 31, 47, 49, 71, 73) . The observed necessity for the coexpression and potential tissue tropism of GapA and CrmA (based on air sac versus tracheal lesions) might be explained by the lectin-like properties of the extracellular portions of mycoplasma cytadherence molecules (61, 62) . Sequence analysis of GapA and CrmA cytoplasmic tails revealed features that suggest that they may interact with each other at this intracellular location also. We found that both the GapA and CrmA cytoplasmic tails share significant sequence as well as structural homology with the proteins and protein family motifs involved in DNA binding and protein-protein interactions (Fig. 5.) . This suggests that, in addition to cytadherence, these molecules might function as DNA-binding proteins and may play a role in the regulation of gene expression. This VOL. 70, 2002 GapA 
